High-quality epitaxial Ge layers for GaAs/Ge/GaAs heterostructures were grown in situ in an arsenic-free environment on (100) off-oriented GaAs substrates using two separate molecular beam epitaxy (MBE) chambers, connected via vacuum transfer chamber. The structural, morphological, and band offset properties of these heterostructures are investigated. Reflection high energy electron diffraction studies exhibited (2 Â 2) Ge surface reconstruction after the growth at 450 C and also revealed a smooth surface for the growth of GaAs on Ge. High-resolution triple crystal x-ray rocking curve demonstrated high-quality Ge epilayer as well as GaAs/Ge/(001)GaAs heterostructures by observing Pendell€ osung oscillations and that the Ge epilayer is pseudomorphic. Atomic force microscopy reveals smooth and uniform morphology with surface roughness of $0.45 nm and room temperature photoluminescence spectroscopy exhibited direct bandgap emission at 1583 nm. Dynamic secondary ion mass spectrometry depth profiles of Ga, As, and Ge display a low value of Ga, As, and Ge intermixing at the Ge/GaAs interface and a transition between Ge/GaAs of less than 15 nm. The valence band offset at the upper GaAs/Ge-(2 Â 2) and bottom Ge/(001)GaAs-(2 Â 4) heterointerface of GaAs/Ge/GaAs double heterostructure is about 0.20 eV and 0.40 eV, respectively. Thus, the high-quality heterointerface and band offset for carrier confinement in MBE grown GaAs/Ge/GaAs heterostructures offer a promising candidate for Ge-based p-channel high-hole mobility quantum well field effect transistors.
I. INTRODUCTION
With continued transistor scaling, new materials and device architectures are needed to continue the transistor miniaturization and enhance performance. 1 High performance n-channel III-V quantum well (QW) transistors have been demonstrated on Si substrate operating at 0.5 V (Refs. [2] [3] [4] [5] ; however, the demonstration of an equally high-performance p-channel QW within the same material system with similar performance remains elusive to date due to low hole mobility in III-V materials without which energy efficient complementary logic circuits will not be realized. Although, strained III-Sb materials, namely InSb, 6 InGaSb, [7] [8] [9] [10] and GaSb 11, 12 materials are potential p-channel candidates, Ge has much higher bulk hole mobility ($1900 cm 2 V À1 s
À1
) even without strain compared to III-Sb materials (800-850 cm 2 V À1 s
). The theoretical investigations of hole transport in 1.5-2% biaxially strained III-V semiconductors show an increase in the hole mobilities up to a factor of 2 over unstrained value [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ; however, the hole mobility in 2% bi-axially strained bulk Ge can be increased up to 4000 cm 2 V À1 s
, 16 which is significantly higher than any III-V materials. Considering several material choices and strain engineering in the channel, Ge epitaxial film grown on a large bandgap GaAs material is of immense interest due to lattice match (mismatch $0.07%) which ensures larger critical thickness, lower dislocation density, and strain-free Ge epitaxial film. As a result, highhole mobility of Ge and its narrow bandgap (E g ¼ 0.67 eV) make the GaAs/Ge heterojunction suitable for the fabrication of p-channel QW field effect transistors, 17 solar cells, 18 metal-oxide semiconductor field effect transistors, 19, 20 millimeter-wave mixer diodes, 21 temperature sensors, 22 photodetectors, 23, 24 and quantum confinement devices. 25 In order to realize a high-performance Ge QW transistor structure, higher bandgap III-V barrier layers are essential in order (i) to eliminate parallel conduction, 2, 3 (ii) to provide large valence band offset (DE v ! 0.4 eV) [26] [27] [28] [29] for hole confinement inside the Ge QW, (iii) to achieve high-quality high-k/III-V barrier interface with lower Dit, 30 (iv) to control lattice mismatch, 3,31 (v) to provide strain to the active Ge channel, 17 (vi) to have better interface properties, 27 (vii) to provide modulation doping 3, 5 in the Ge quantum well field effect transistor (QWFET) structure, (viii) to control the off state leakage, and (ix) to improve ohmic contact. 32 Therefore, selective combination of the best attributes of III-V compound semiconductors stemming from the above properties along with the excellent hole transport properties of Ge in QW configuration 25 can enable extremely energy efficient and ultra-high performance computing platform. Moreover, GaAs/Ge epitaxial heterostructures have received a great deal of attention as starting materials for the fabrication of space quality solar cells 24, 25 compared to the conventional GaAs/GaAs solar cells. As large area, minority carrier devices, III-V/Ge cells are extremely sensitive to defects. Thus, elimination of antiphase domains (APDs), which are characteristics of the polar (GaAs)-on-nonpolar (Ge) epitaxy, and suppression of large-scale interdiffusion across the GaAs/ Ge heterointerface remain key challenges for increased yield, reliability, and performance of solar cells as well as QW devices. The well-controlled interface properties at the GaAs/Ge/GaAs double heterostructures are extremely important to realize high-performance p-channel Ge QWFET applications.
Although, several groups succeeded in growing highquality Ge epitaxial layer on GaAs 19, 26, 27, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] and GaAs/Ge/ GaAs heterostructures, 44, 45 however, these work suffer from the interdiffusion of elements 46 and arsenic (As) contamination in the Ge layer due to the Ge and III-V material growth carried out in a single molecular beam epitaxy (MBE) chamber 34, 47 or metal-organic vapor-phase epitaxy chamber. 42 This results in excess As point defects, which nucleate dislocation loops during the growth of GaAs overlayer on Ge. These loops expand during the subsequent high temperature GaAs growth to generate high threading dislocation densities in the thick GaAs film. Moreover, a substantial fraction of a monolayer of excess arsenic on the surface of either GaAs 48, 49 or Ge 50,51 (surface contamination from background As) is responsible for the reconstruction c(4 Â 4), c(2 Â 2), c(2 Â 8), p(2 Â 2) patterns, as observed by in situ reflection high-energy electron diffraction (RHEED) since this excess As is not part of the GaAs lattice. Furthermore, the epitaxy of Ge on GaAs is strongly affected by the GaAs surface reconstruction, since it can have different valance band offsets between the GaAs and Ge according to surface termination, reconstruction, orientation, and growth temperature. 28, 29 It is evident that one should choose the intrinsic (2 Â 4) surface structure of (001) GaAs rather than other surface reconstruction [e.g., (1 Â 1)-As saturated surface, c(2 Â 8)-As stabilized surface, c(8 Â 2)-Ga-stabilized surface, c(4 Â 4)-As stabilized surface] 35, 40 to have well controlled, smooth, and planar growth of Ge/(001)GaAs heterojunction during MBE growth process. The ambiguity of the surface reconstruction of Ge either mixed (1 Â 2) and (2 Â 1), (2 Â 2), c(2 Â 2), c(4 Â 2), p(2 Â 2), single-domain (1 Â 2), or (2 Â 1) reconstruction can be overcome by growing Ge and GaAs layers in a separate growth chamber, connected via ultra-high vacuum transfer chamber.
The growth at higher temperature and lower growth rate may result in the formation of unwanted p-n junction due to simultaneous in-diffusion of Ga and As inside the Ge layer during GaAs overlayer growth and Ge out-diffusion during GaAs overlayer. Furthermore, higher growth temperature and the on-axis (100) Ge wafer results in increased APD formation in GaAs overlayer. 52 Thus, in Ge epitaxial growth on the off-oriented GaAs(001) substrate, the APDs can be controlled by the precise nucleation of GaAs layer with As prelayer and by lowering the lower growth rate. 53 This paper presents a comprehensive study of structural, morphological, optical, and band offset properties of in situ grown Ge epitaxial layers as well as GaAs/Ge/GaAs double heterostructures on off-oriented (100) GaAs substrates using separate MBE growth chambers for Ge and III-V. Very recently, we showed that 1.54% bi-axially strained Ge quantum well with GaPAs barrier layers on Si substrate exhibited hole mobility of approximately 4000 cm 2 V À1 s À1 using 6 Â 6 k Á p simulation. 17 The result from this experimental finding complement and first step toward achieving high-performance Ge quantum well field effect transistor on off-oriented (100) GaAs substrate which can be ultimately heterogeneously integrated to off-oriented Si substrate for the realization of ultra-low power and high-speed logic applications.
II. EXPERIMENT
The undoped Ge epitaxial layer and GaAs/Ge/(001)GaAs double heterostructures were grown by an in situ growth process on offcut (100) epi-ready GaAs substrates (2 and 6 off toward [110] direction) using separate solid source MBE growth chambers for Ge and III-V materials, connected via ultra-high vacuum transfer chamber. This unique growth capability enables us to demonstrate superior Ge epilayer as well as precisely control the GaAs/Ge/GaAs double heterostructure interfaces for realization of high-hole mobility pchannel Ge quantum well devices. Substrate oxide desorption was done at $630 C under an arsenic overpressure of $1 Â 10 À5 torr in a III-V MBE chamber, which was verified by a strong well-known (2 Â 4) RHEED pattern, indicative of an oxide-free (100) GaAs surface. An initial 0.1 lm thick undoped GaAs buffer layer was then deposited at $600 C to generate a smooth surface under a stabilized As 2 flux prior to transferring the GaAs wafer to the Ge MBE chamber for Ge epilayer growth. Ge epilayer was grown in an As-free MBE chamber and the base pressure of the growth chamber was $6 Â 10 À11 torr and 2.8 Â 10 À8 torr during the Ge layer growth. The growth rate for all the Ge layers was kept at 450 C and the growth rate was 0.14 Å /s, as determined by triple axis x-ray diffraction from Pendell€ osung thickness fringes and 450 C, respectively. After the growth of Ge epitaxial layer, the growth temperature was carefully reduced from 450 C to 50 C and then the wafer was transferred to the III-V MBE chamber for subsequent GaAs layer growth. The high-quality Ge epilayer on offcut GaAs substrate was verified by RHEED pattern, indicating a double step strong (2 Â 2) RHEED pattern. For the GaAs/Ge/(001)GaAs double heterostructures, only the offcut GaAs substrates were used in order to prevent the formation of APDs. Migration enhanced epitaxy (MEE) with As 2 prelayer was used for the subsequent GaAs growth on Ge epilayer with thickness of $30 Å to eliminate APDs at the GaAs/Ge interface. The growth of upper GaAs layer was carried out at a lower substrate temperature of $350 C to prevent out-diffusion of Ge and simultaneous in-diffusion of Ga and As in Ge. An As 2 / Ga ratio of $14 and reduced growth rate of 0.25 Å /s was maintained at all times. The nucleation of GaAs on Ge was monitored using RHEED to ensure that no APDs or other defects are generated at the interface. In some structures, the 30 Å MEE GaAs nucleation layer was followed by the growth of a 500 Å thick GaAs layer which was grown at a higher temperature of $500 C and the same growth rate of 0.25 Å /s and As 2 /Ga ratio of 14. Table I summarizes the details of each test structure that were characterized in this work. The thickness of the epitaxial Ge layers investigated ranged from about 10 nm to 150 nm. The 15 keV electron beam energy and a glancing incident angle of 1 to 4 RHHED system (Staib Instruments) was used to record RHEED pattern during growth in III-V MBE chamber. The epitaxial films were investigated using atomic force microscopy (AFM) to reveal the surface roughening and other defects, probably APDs, in a contact mode. The epitaxy of undoped Ge and GaAs/Ge/GaAs double heterostructures was confirmed by Panalytical MRD X'Pert Pro triple axis x-ray diffraction system with CuKa1 x-ray source. Photoluminescence measurements were carried out at a temperature of 300 K and 93 mW laser power. Argon ion laser operating at a wavelength of 5145 Å was used as a source of excitation. PL signal was detected by a InGaAs-photodetector with an operating range of about 0.72-1.24 eV. Dynamic secondary ion mass spectrometry (SIMS) was performed to determine the compositional profile of As, Ga, and Ge atoms at the GaAs/Ge/GaAs heterointerface. SIMS analysis was performed using Cameca IMS-7f GEO with Cs þ as primary ion beam. The band offset of each interface of in situ grown GaAs/Ge/GaAs heterostructures were investigated by PHI Quantera SXM scanning x-ray photoelectron spectroscopy (XPS).
III. RESULTS AND DISCUSSION
A. RHEED studies on Ge epilayer grown on (001) GaAs-(2 3 4)
To study the surface morphologies of GaAs epilayer, Ge epilayer on GaAs, and GaAs/Ge/GaAs double heterostructure on off-oriented (001) GaAs wafers, RHEED patterns were recorded at the different stages of the growth. In addition to understand the Ge epilayer morphology, these RHEED patterns shed light on the controversy related to the reconstruction of Ge on (001) GaAs substrate. The (001) surface of compound semiconductors, such as GaAs and InP, shows a variety of reconstructions depending on the processing condition and the resultant surface composition. The Asstabilized (2 Â 4) surface of (001) GaAs has been most extensively studied, and is widely accepted to have the two As-dimer model. 54 For the growth of Ge on (001) GaAs by MBE, Ge layer was deposited on a reconstructed (2 Â 4) GaAs surface with a surface layer being mainly arsenic. Since there is no excess arsenic on the (2 Â 4) surface, Ge can bond directly to the GaAs lattice. Growth of Ge on such a surface involves mainly Ge-As bonds (possibly some Ge-Ga bonds at the interface) and subsequent growth of a Ge lattice involves only the Ge-Ge bonding between neighboring atoms. offcut (001) GaAs-(2 Â 4) substrate with 0.1 lm GaAs epilayer. These RHEED patterns are recorded after transferring the Ge epilayer from Ge MBE chamber to the III-V MBE chamber. The Ge film grown on (100)/6 GaAs surface with (2 Â 4) reconstruction at 450 C shows a reconstructed streaky (2 Â 2) RHEED pattern. A streaky (2 Â 2) pattern of Ge on (2 Â 4) reconstructed (001) GaAs was achieved throughout the thickness range studied in this paper, suggesting a smooth surface morphology. A similar observation of RHEED pattern has also been reported by other researchers 33, 38, 53 on the (001) GaAs surface, which has been interpreted by Bauer and Mikkelsen 39 as mixed (2 Â 1) and (1 Â 2) surface domains.
In contrast, Neave et al. 37 demonstrated that the growth of Ge on a (001) GaAs-(2 Â 4) reconstructed surface at lower temperature <470 K exhibits only a (1 Â 1) pattern and the Ge surface is not reconstructed. By annealing this low temperature grown Ge on GaAs-(2 Â 4) structure or grown at 600 C on a (2 Â 4) reconstructed GaAs surface, it converts to a well ordered c(2 Â 2) reconstructed surface. However, the higher temperature annealing can have severe in-diffusion of Ge into GaAs and out-diffusion of As and Ga into the epitaxial Ge layer. As a result, unwanted p-n junction can form inside the Ge layer. 46 A planar and smooth growth of Ge can therefore be easily reached on a (001) GaAs-(2 Â 4) reconstructed surface without the excess arsenic present on the surface. Thus, the separate MBE chambers for Ge and III-V and As-free environment for the deposition of Ge layer on (001) GaAs-(2 Â 4) is essential for high-quality GaAs/Ge heterostructure. The surface quality of the (100) GaAs substrate is vital for the high-quality Ge epilayer and thus, the surface preparation procedure is important prior to the growth of Ge epilayer. Most of the researchers use the same MBE chamber for both GaAs and Ge layer growth where the base pressure was $1 Â 10 À10 torr and the chamber pressure due to As was $5 Â 10 À 7 and $1 Â 10 À7 torr during the growth of GaAs and Ge, respectively. 53 This complicates the Ge surface reconstruction and subsequent GaAs layer growth. Furthermore, we have also investigated the effect of As 2 exposure on the (2 Â 2) reconstructed Ge surface grown on GaAs-(2 Â 4) using RHEED. Arsenic (beam flux of The GaAs growth on off-oriented (001) Ge and (001) Ge/SiGe/Si substrates is widely studied. Heteroepitaxy of GaAs/Ge(001) is more complex compared to Ge on (001)GaAs due to polar-on-nonpolar epitaxy. The RHEED studies indicate a basic difference in growth morphology between the growth of GaAs and that of Ge on the polar (100) surface: the growth of Ge on GaAs results in a smooth surface, [41] [42] [43] whereas the growth of GaAs on Ge produces a rough surface on an atomic scale as observed by several researchers. 39, 55 The observed difference is explained due to an inherent difference in MBE growth mechanism between a compound semiconductor, GaAs, and an elemental semiconductor, Ge. For the growth of (100) GaAs for example, which has a structure consisting of alternating Ga and As layers, the surface layer may be a Ga or an As layer depending on the MBE growth conditions. The growth of Ge onto such a surface could easily give a smooth surface since only one element is involved. During the initial growth of GaAs on Ge, however, both Ga and As atoms can bond to the Ge surface layer. The first layer of GaAs can thus consist of Ga domains containing only Ga atoms and As domains containing only As atoms. Further growth of GaAs would lead to the formation of two different APDs separated by anti-phase boundaries (APBs). We have investigated the growth of GaAs on different thicknesses of Ge(001)-(2 Â 2) reconstructed surface. The GaAs layers were grown on Ge/ (001)GaAs that are offcut by 2 or 6 toward the [110] directions. The offcut substrate combined with a reconstructed (2 Â 2) Ge surface and two-step growth process consisting of (i) 30 Å MEE GaAs at low temperature ($350 C) and low growth rate ($0.25 Å /s), and (ii) high temperature ($500 C) and low growth rate ($0.25 Å /s) were used to eliminate APDs at the GaAs/Ge heterointerface. Fig. 2(b) . This indicates that the APDs were mostly eliminated using offcut substrate. The growth temperature was not increased in this case for the subsequent high temperature GaAs growth in order to minimize the diffusion process for the use of the undoped Ge layer as a p-channel material for highhole mobility p-channel QW structure. An example of the atomic arrangement in different APDs is shown schematically in the upper GaAs layer grown on on-axis (001) Ge in Fig. 3 (a) with an APB indicated by a dashed line, and Fig.  3(b) shows the atomic arrangement of the GaAs/Ge/GaAs heterostructure where APDs were eliminated using offcut substrate and proper nucleation conditions as described above. At the (100)Ge/GaAs interface without substrate offcut, both Ge-As and Ge-Ga bonds are polar and could lead to charge accumulation at the interface.
Several interface models for the stoichiometric mixing have been proposed to deal with this charging problem. 56, 57 At the Ge/GaAs interface formed by depositing Ge on a GaAs substrate whose surface layer is an As layer, charge neutrality can be achieved by replacing half of the As atoms of this layer by Ge atoms such as that shown at the lower interface of Fig. 3(b) . For a GaAs layer grown on Ge, the formation of APDs in the GaAs layer can lead to charge neutrality at the interface if equal areas of Ga domains and As domains are formed in the first layer. However, equal number of As and Ga atoms bonding onto the (001) Ge surface is impossible during MBE growth process since the arsenic has higher vapor pressure and lower sticking coefficient than Ga. On the other hand, by growing GaAs on offcut Ge substrate with As prelayer, lower growth temperature and lower growth rate, the APDs can be eliminated. 55, 58 Thus, the RHEED study of the MBE grown Ge/(001)GaAs-(2 Â 4) and GaAs/(001)Ge-(2 Â 2) interface has shown different morphologies and it allowed us to estimate the surface roughness for the growth of GaAs on Ge and Ge on GaAs.
C. Surface morphology of Ge/(001)GaAs-(2 3 4) and GaAs/Ge-(2 3 2)/(001)GaAs-(2 3 4) heterostructures
As shown in Secs. III A and III B that RHEED was used to comprehend the growth sequence of both Ge on (001)GaAs-(2 Â 4) and GaAs on Ge-(2 Â 2)/(001)GaAs-(2 Â 4) at different stages of epitaxy. The study not only shows different growth morphologies of these two cases, it also allows us to estimate the surface roughness in each case. Thus, it is important to characterize the surface morphology on an atomic scale (roughness, APDs, other possible features) for these structures, as this is an important figure of merit. In fact, it is essential to know the surface roughening due to APDs during the MBE growth of GaAs on Ge in order to have structures with truly abrupt and planar interfaces formed during the growth. The morphology of the epitaxial film is influenced by the deposition rate, which controls the adatom population on the surface, and substrate temperature, which affects the surface diffusion rate of the species. Many characteristics of epitaxial growth will be difficult to understand without a better understanding of the surface during growth including doping and the formation and characteristics of superlattice structures. An appropriate knowledge of the epitaxial growth mechanism will allow us to optimize the growth parameters for reproducibly grown APD-free GaAs on Ge by MBE technique. Thus, the careful control of substrate surface structure is essential for realization of APD-free GaAs on Ge/GaAs substrate by MBE technique.
Surface morphology of Ge on (001)GaAs and GaAs on Ge/(001)GaAs structures was examined by AFM in contact mode. AFM images on different length scales have been taken to see the top surface morphology of the epitaxial GaAs and Ge films. AFM micrographs and line profiles of these two structures are shown in Figs. 4(a) and 4(b) , respectively. The root mean square (rms) roughness was calculated from AFM micrographs. The rms roughness for Ge on GaAs and GaAs/Ge/GaAs was 0.45 nm and 2.18 nm grown at 450 C and 350 C/500 C, respectively, measured over an area of 10 Â 10 lm 2 . From Figs. 4(a) and 4(b), the anticipated extremely uniform and low surface roughness is an indication of high-quality two-dimensional epitaxy of Ge on GaAs as well as GaAs/Ge/GaAs, in complete agreement with the RHEED results and analysis presented above. The peak-to-valley height from line profiles in the two orthogonal h110i direction are also included in these figures. The uniform and smooth surface morphology exhibits the highquality growth of Ge on 6 off-oriented (001)GaAs-(2 Â 4) substrate and higher rms of GaAs/Ge compared to Ge/GaAs is an indicative of polar-on-nonpolar growth at lower temperature. It is evident that the transition of APD-free ! APDs ! APD-free film with increasing growth temperature has already been found experimentally by Fischer et al. 59 in the MBE grown GaAs on Si. Ringel et al. 47 found that a Ge epitaxial film annealed above 640 C for 20 min, coupled with a 6 offcut, results in double stepped Ge surface, which greatly suppresses APD formation in GaAs. The significant cross-diffusion at the Ge/GaAs heterointerface at higher growth temperature of GaAs on Ge or annealing of Ge epitaxial layer prior to GaAs top layer would prohibit the purpose of the undoped Ge channel for the high-mobility p-channel QWFET option. Thus, the precise optimization of the growth temperature for both Ge and GaAs layer, GaAs surface reconstruction, GaAs substrate offcut, growth rate, As 2 /Ga ratio, and no residual arsenic are essential for the high-quality GaAs/Ge/GaAs heterostructure. 
D. Strain relaxation properties of GaAs/Ge/GaAs heterostructure
To determine the structural quality and relaxation state of Ge epitaxial film and the GaAs/Ge/GaAs double heterostructure, high-resolution triple crystal x-ray (004) rocking curves were recorded. Figure 5 shows a rocking curve from the (004) Bragg lines of 3 nm GaAs/150 nm Ge/(001) GaAs double heterostructure where the epitaxial Ge layer thickness is significantly lower than the critical layer thickness [$1.8 lm (Ref. 60) ]. The angular separation, Dh between the (004) diffraction peaks of Ge and GaAs resulting from the difference in lattice plane spacing, Dd=d along with their diffraction line profiles, provided information about the microstructural quality of the Ge film. The Dh and the relative lattice mismatch are related by the following equation:
where ðDa=aÞ ? is the fractional change in the lattice constant and h is the Bragg angle for the (004) plane. The average peak separation between the Ge epilayer and the GaAs substrate is about 145 arc sec. The Ge layer peak appearing on the left side of the GaAs substrate peak confirmed that Ge epilayer lattice constant is higher than that of the GaAs. The appearance of Pendell€ osung oscillation fringes on both sides of Ge and GaAs peaks implies a parallel and very sharp heterointerface present in this structure. This interference originates from the beating of two x-ray wave fields inside of a crystal. One of the wave fields is generated at the interface between the GaAs and Ge as well as another wave field on the surface of the Ge layer. As a result, interference can only be observed in crystals that have almost perfectly parallel boundaries. 61 The angular position of the Ge diffraction peak is the same as the pseudomorphic position of a Ge layer grown on GaAs. 35 The angular separation of the relaxed Ge and the GaAs substrate is $97 arc sec. 49 If there is presence of either As or Ga atoms inside the epitaxial Ge layer, the angular separation between the reflection peaks of Ge epilayer and the GaAs substrate will significantly increase compared to 145 arc sec due to the increase of Ge lattice constant. 35 Hence, we can conclude that the Ge epitaxial film is pseudomorphic and the interface is abrupt that produces intensity oscillations. The relaxation state of Ge layer was obtained from symmetric (004) and asymmetric (115) reflections of reciprocal space maps (RSMs) measured using triple axis x-ray diffraction. Figures 6(a) and 6(b) show the RSMs for (004) and (115) reflections obtained from a 3 nm GaAs/150 nm Ge/ GaAs heterostructure. The RSMs exhibit two distinct reciprocal lattice point (RLP) maxima and the peak assignments corresponding to those RLP maxima are from (i) the GaAs substrate and (ii) the Ge epilayer. The thickness fringes are clearly visible from this heterostructure. One can find from these RSMs that the thickness of the fringes as shown in Fig. 5 associated with a thin layer now become contours of intensity, the maxima of which run along a line normal to the specimen surface. As the substrate surface was 6 offcut from the [001] direction, the line of the interface maxima does not coincide with the Q y direction. From these RSMs, one can determine the lattice parameter in the out-ofplane (growth direction), a ? (from the symmetric reflection), and the lattice parameter in the growth plane, a k (from the asymmetric reflection). The degree of relaxation of the Ge layer can be calculated from the measured lattice parameters and the Poisson's ratio with respect to GaAs substrate. Using RSMs from Fig. 6 , the measured lattice constants along the out-of-plane and in-plane directions of the Ge layer were found to be 5.6597 Å and 5.6536 Å , respectively. With this information, the degree of relaxation 62 of the 150 nm Ge layer was limited to only 5%, which is expected since the critical layer thickness of Ge is about 1.8 lm. We can conclude from the minimal relaxation and the thickness fringes observed here that the quality of the GaAs/Ge/GaAs heterostructure can be used for the p-channel Ge quantum well field effect transistor application.
E. Photoluminescence properties of Ge/(001)GaAs
In order to determine the direct bandgap emission from Ge epitaxial layer, room temperature photoluminescence spectrum was taken on the Ge/GaAs structure. Figure 7 shows the 300 K PL spectrum of 120 nm Ge epilayer grown on (001) GaAs (6 off toward [110] direction) in an arsenicfree environment. The PL peaks at bandgap of E g ¼ 0.783 eV, within an experimental error, corresponding to a wavelength of k ¼ 1583 nm, reveals that the electrons in C valley recombine with holes in the valence band at room temperature. 41, 42 A shift of 23 nm peak as compared to relaxed Ge is observed, where the direct bandgap recombination of relaxed Ge peaks at 1550 nm. The direct radiative transition rate is about 1600 times that of the indirect transition at higher power excitation and, hence, only the direct band-to-band transition was observed in room temperature PL measurement. Thus, the photoluminescence is indicative of the quality of Ge epitaxial layer grown on GaAs substrate and is not intended to address the interface properties in our work presented here.
F. SIMS depth profiles of GaAs/Ge/GaAs heterostructure Dynamic SIMS depth profile was also used to determine the extent of chemical diffusion or reaction at GaAs/Ge/ GaAs interfaces. Such interactions can take place due to thermodynamic driving forces, especially at growth temperature. Higher growth temperature promotes movement of atoms across surfaces as well as interfaces. In the case of GaAs/Ge/ GaAs heterostructure for which the optimum growth temperatures of each layer were different. The growth of Ge layer at lower temperature ($450 C) is followed by growth of the upper GaAs layer at both 350 C and 500 C. Figure 8 shows the Ga, As, and Ge depth profiles of the GaAs/Ge/GaAs double heterostructure in which Ge and GaAs layers were grown in separate MBE chambers. All depth profiles illustrate constant Ga, As, and Ge intensities within each layer, indicating good growth uniformity. Besides, the depth profiles display an abrupt Ge/GaAs bottom heterointerface, a transition between Ge/GaAs of less than 15 nm, within the sputterinduced broadening of the ion beam, indicating low value of Ga, As, and Ge intermixing at the Ge/GaAs bottom interface. Thus, dynamic SIMS spectra underscore the delicate balance between growth conditions and interface intermixing at the GaAs/Ge/GaAs double heterostructure.
G. Band offset properties of GaAs/Ge/GaAs heterointerfaces
There is no unique value for the band offset of GaAs/Ge/ GaAs heterojunction and experiments must therefore provide better insight into structure-property correlations for in situ grown Ge in an arsenic-free environment for GaAs/Ge/GaAs heterojunction using separate MBE chambers for Ge and GaAs epitaxial layers. As we know that the two semiconductors having different bandgap results in band discontinuities when in contact and these offsets play a crucial role in the electrical transport properties of the heterojunction. The transport properties of all heterojunction devices strongly depend on three interface characteristics: band discontinuities, interface states, and potential-barrier height. The change in the forbidden gap across the heterointerface is distributed between a valence-band discontinuity, DE v , and a conduction-band discontinuity, DE C . These discontinuities may form barriers for the charge carriers crossing the interface and dramatically influence the properties of heterojunction devices like quantum well FETs and tunnel FETs. Most theoretical treatments of heterojunction band lineups have assumed abrupt, lattice-matched interfaces. Likewise, most assume that there is an absolute energy associated with each semiconductor so that the band offsets reflect differences in those energies. Experimentally, however, it has been observed that the electrical properties can be related to the chemical and geometric structure at the interface and can be dictated by deviations from perfection. 26, 39, 63 In particular, band offsets can depend on such variables as substrate orientation, overlayer crystallinity, the order of deposition (i.e., Ge on GaAs or GaAs on Ge), surface reconstruction, deposition temperature, deposition rate, microscopic interface dipole, and interdiffusion or reactivity. In particular, offset variations up to $0.9 eV due to microscopic interface dipoles are expected for polar interface of lattice matched Ge/GaAs (100) junction. These dipoles originate from oriented pairs of atoms at the interface. 64 Experimentally, mainly x-ray photoemission experiments have been performed to study dipole contributions to the band lineup. 65 Grant et al. 26 found that DE v varying from 0.3 eV to 0.66 eV for (001) GaAs surfaces and measured a difference in DE v between the polar (100) and the nonpolar Ge/(110)GaAs interface of $0.1 eV. On the other hand, Katnani et al. 66, 67 reported a value of DE v ¼ 0.47 eV, within experimental error, for Ge/GaAs interfaces regardless of several different initial GaAs surface reconstructions and DE v did not depend on the crystallographic configuration.
The valence band offset, DE v , at the GaAs/Ge and Ge/GaAs heterointerfaces was determined using XPS system with monochromatic Al-Ka x-ray source (1486.6 eV) and a 45 exit angle, an angle integrated photoelectron energy distribution curve for the valence band maximum (VBM) and As 3d, Ga 3d, and Ge 3d core levels spectra were recorded. All the samples were mounted on a sample stage and transferred to an XPS system through an ultra-high vacuum transfer stage. The binding energy was corrected by adjusting the C 1s core-level peak position to 285.0 eV for each sample surface. Using this approach, the XPS spectra were recorded from the following four samples: GaAs wafer, thin Ge on GaAs substrate, thick Ge on GaAs substrate, and thin GaAs on Ge/(001)GaAs. Figure 9 shows XPS spectra of (a) As 3d The results obtained from analysis of this data shown in Fig. 9 are also presented in 70 Most experimental Ge/(001) GaAs DE v data are in the 0.4 eV-0.7 eV range, but the spread of the experimental values is quite substantial and the average DE v is 0.55 6 0.13 eV, where the quoted error is the standard deviation. It is surprising to see that the measured DE v for Ge on (001)GaAs is in wide range, especially in view of the fact that most of the data were obtained for a well characterized epitaxial system and it is a nonpolar on polar epitaxy where the heterojunction is thought to be abrupt and of high-quality. Also, it is quite clear from the wide range of band offset values reported for Ge/(001)GaAs heterojunction prepared under different conditions that the detailed atomic structure of the Ge/GaAs interface can have a substantial effect on band offset values. The dependence of the Ge/(001)GaAs DE v on growth conditions such as same chamber for both Ge and GaAs layers growth, growth temperature, surface reconstruction, and doping may be responsible for the wide range of experimental DE v reported in supposedly abrupt Ge/(001)GaAs heterojunction.
ðGe=GaAsÞ ¼ ðE
A great deal of attention has been devoted to the determination of DE v of Ge on GaAs heterojunction; however, minimal work has been done on the determination of the band offset of GaAs/Ge. It was due to the more challenging polaron-nonpolar epitaxy of GaAs/Ge heterojunction. When GaAs is epitaxially grown on the (001)Ge substrate without any off-orientation, the APDs mostly occur at the interface, and to prepare a APD-free GaAs/Ge heterostructure, we must account for the off-cut substrate, as shown in Fig. 3 . Furthermore, when GaAs is epitaxially grown on the Ge surface, the interdiffusion must be controlled. Moreover, Ge surfaces after deposition on GaAs substrate demonstrate a spectrum of surface reconstructions and the preferred Ge surface orientation is (2 Â 2), as discussed above. It was assumed that the surface off-orientation of the Ge is the same as the starting GaAs substrate since the Ge epilayer was deposited using MBE growth process. Clean GaAs surfaces demonstrate a spectrum of reconstruction that are either Ga or As rich. This could contribute to the quality of the Ge layer at different deposition temperature. The growth mechanisms for thin Ge films on GaAs have been studied rather extensively. It was shown that Ge films grown on (001)GaAs fall under layer-by-layer (Franck-van der Merwe) mode at temperatures <400 C, whereas at higher temperatures growth is by island mechanisms (StranskiKrastanov). 71 In our case, the lower growth temperature and lower growth rate using MEE during MBE growth process was used to prevent the formation of APDs in the upper GaAs layer as well as to prevent interdiffusion. Using such a process, the measured DE v of the upper GaAs/Ge heterointerface was found to be 0.20 6 0.05 eV, which is in agreement with the experimental results by Sorba et al. 68 and theoretically by Biasiol et al.
45 Figure 10 shows the schematic band alignment based on the reported bandgap values of GaAs and Ge, calculated conduction band offset DE c from DE g ¼ DE v þ DE c , and the present result of DE v by XPS from this work. Thus, comparison of band offset between experiment and theory is undoubtedly exciting and our in situ grown Ge in an As-free environment for GaAs/ Ge/(001)GaAs heterostructure with proper surface offcut using MBE provide a promising path for p-channel quantum well field effect transistor applications. To prevent the carrier spill-off to the upper barrier layer due to the lower DE v at the top GaAs/Ge interface compared to Ge/GaAs bottom interface, composite high-k dielectric (e.g., Al 2 O 3 , HfO 2 , TaSiO x ) on upper GaAs would enable high-performance pchannel Ge quantum well FETs for low-power and highspeed computing platform.
IV. SUMMARY AND CONCLUSIONS
In conclusion, we have shown that the high-quality epitaxial Ge in an arsenic-free environment for GaAs/Ge/GaAs heterostructures can be grown in situ using two separate molecular beam epitaxy chambers, confirmed by RHEED intensity oscillation and x-ray diffraction. AFM microscopy reveals smooth and uniform morphology and room temperature photoluminescence spectroscopy confirmed direct bandgap emission at 1583 nm. Dynamic SIMS depth profiles of Ga, As, and Ge display a low value of Ga, As, and Ge intermixing at the Ge/GaAs interface. The valence band offset at the upper GaAs/Ge and bottom Ge/GaAs heterointerface of GaAs/Ge/GaAs double heterostructure is 0.20 eV and 0.40 eV, respectively, which is consistent with the theoretical values. Thus, the high-quality heterointerface and band offset for carrier confinement obtained in MBE grown GaAs/ Ge/GaAs heterostructures can offer a promising virtual substrate technology integrated on Si substrate for extending the performance and application of Ge-based p-channel 
high-hole mobility MOSFET and quantum well field effect transistors.
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